Circular RNAs are a subclass of non-coding RNAs detected within mammalian cells. This study was designed to test the roles of a circular RNA circ-Foxo3 in senescence using in vitro and in vivo approaches.
Introduction
Senescence is the gradual deterioration of bodily function and the leading cause of death, which can occur at either the cellular level or at the organismal level. 1 Cellular senescence, also known as replicative senescence, is characterized by halted mitosis of diploid cells, while organismal senescence is characterized by a reduced stress response and increased homeostatic imbalance, resulting in a loss of normal functions to the organisms. 2 Cellular senescence is the cellular basis of organismal aging and is a useful model for studying organismal aging. 3 Cellular senescence is defined as the arrest of cell cycle progression, 4 which can be caused by telomere shortening or stress-induced premature senescence. 5 This is characterized by a flattened and enlarged cell morphology, and lysosomal activation, resulting in positive staining of senescence-associated b-galactosidase activity (SA-b-gal). 6 Stress can induce premature senescence and activate many markers similar to those in replicative senescence. Various experimental stressors, including oxidative stressor such as hydrogen peroxide, have been used to model cellular senescence within a short period of time. 3 Using this model system, we have recently demonstrated that cardiac fibroblast senescence is regulated by miR-17, which targets the senescent protein Par4. 7 We also found that the inhibition of senescence by miR-17 resulted in retardation of tissue growth 8 and extension of mouse lifespan 9 by regulating a number of senescence and stress-associated proteins. In organismal stress, a chemotherapeutic drug Doxorubicin (Dox) is extensively used to generate reactive oxidative stress and to induce cell apoptosis, leading to myocardial dysfunction. 10 This study was designed to test the roles of a circular RNA (circRNA) circ-Foxo3 in senescence using in vitro and in vivo approaches. CircRNA are a large group of non-coding RNAs that are circularized by joining the 3 ′ -and 5 ′ -ends together. 11 At the molecular level, the circular RNA CiRS-7 contains many binding sites for the microRNA miR-7, and can function as a sponge of miR-7. 12 While most of the circular RNAs reported so far have been exonic circular RNAs, a class of intron-containing exonic circRNAs (EIciRNAs) are found predominantly in the nucleus, 13 where they promote transcription of their parental genes. 14 However, the functions of circular RNAs are largely unknown. We hypothesize that circ-Foxo3 plays physiological and pathological role at cellular and tissue levels. This study was designed to explore the potential effect of circ-Foxo3 on stress-induced senescence.
Results

Expression of circ-Foxo3 promoted senescence
We tested our hypothesis by generating a circ-Foxo3 expression construct, the sequence of which is identical to all variants of Foxo3. Total RNA was isolated from cardiac tissues from patients of different ages. Real-time polymerase chain reaction (PCR) analysis showed that heart tissues obtained from younger patients expressed lower levels of circ-Foxo3 than those from aging patients ( Figure 1A) . We also performed a similar experiment in murine hearts and found that the hearts of older mice expressed significantly higher levels of circ-Foxo3 than those from young mice ( Figure 1B , left). By immunohistochemical staining, we found that the young tissues displayed undetectable staining of b-Gal, a well-accepted marker for senescence, whereas the old hearts showed extensive b-Gal staining ( Figure 1B , right). We performed in situ hybridization for circ-Foxo3 expression and found that the old hearts expressed significantly higher levels of circ-Foxo3 than the young hearts ( Figure 1C ). We also found that both circ-Foxo3 and b-Gal were highly expressed in intestinal, lung, and dermal tissues in mice from the aged group, relative to the young group (Supplementary material online, Figure S1A ). We explored the effects of circ-Foxo3 on senescence. The levels of circ-Foxo3 in a number of cells lines including mouse embryonic fibroblasts (MEFs), mouse cardiac fibroblasts (MCFs), NIH3T3 fibroblasts, B16 cells, and primary cardiomyocytes were analysed. When the cells were treated with H 2 O 2 , significant levels of cellular senescence were detected ( Figure 1D , Supplementary material online, Figure S1B ). The treated cells were found to express significantly higher levels of circ-Foxo3 than the untreated cells ( Figure 1E ).
To corroborate these results, we designed an siRNA specifically targeting circ-Foxo3. We delivered the siRNA into MEFs and confirmed that transfection with this siRNA silenced circ-Foxo3 levels (Supplementary material online, Figure S1C ). We also delivered an siRNA targeting the linear mRNA of Foxo3 into the cells. The cells transfected with circ-Foxo3 siRNA showed less b-gal staining than the cells transfected with Foxo3 siRNA or the control oligo ( Figure 2A) . Primary cardiomyocytes transfected with the siRNA also displayed lower levels of beta-Gal staining and circ-Foxo3 expression ( Figure 2B , Supplementary material online, Figure S1D ).
We developed methods to directly test the role of circ-Foxo3 in senescence. Mouse embryonic fibroblasts were transfected with circ-Foxo3 followed by Northern blotting. We detected strong upregulation of circ-Foxo3 ( Figure 2C ). Three cell lines selected confirmed expression of circ-Foxo3 by RT-PCR and real-time PCR ( Figure 2D ). Circ-Foxo3-and mock-transfected MEFs were treated with H 2 O 2 followed by b-Gal staining. We found that all three circ-Foxo3-transfected cell lines underwent cellular senescence ( Figure 2E ).
Effect of circ-Foxo3 on Doxorubicin-induced cardiomyopathy in mice
Since Dox is a chemotherapeutic drug that induces cellular stress and has been linked to cardiomyopathy of the treated individuals, we sought to determine whether circ-Foxo3 played a role in Doxinduced cardiomyopathy in mice. M-mode pictures of echocardiography was obtained, confirming the successful establishment of a mouse model of cardiomyopathy induced by Dox ( Figure 3A) . In the Dox-treated mice, both the left ventricular end diastolic diameter (LVEDD) and left ventricular end-systolic diameters (LVESD) were significantly increased in the Dox-treated mice compared with the control ( Figure 3B) . Consistent with these, the left ventricular ejection fraction, left ventricular fractional shortening, left ventricular systolic pressure (LVSP), and rate of rise of left ventricular pressure (dp/dt) were significantly decreased in the Dox-treated mice compared with the control ( Figure 3C ). When the circ-Foxo3 plasmid was delivered to the Dox-treated mice, we observed even higher levels of LVEDD and LVESD ( Figure 3B ), but lower levels of LVEF, LVFS, LVSP, and dp/dt ( Figure 3C ). When the siRNA-targeting endogenous circ-Foxo3 was delivered into the Dox-treated mice, the observed results were abrogated: significantly lower levels of LVEDD and LVESD ( Figure 3B ), but higher levels of LVEF, LVFS, LVSP, and dp/dt ( Figure 3C ).
Real-time PCR analysis of the cardiac tissues showed that Dox treatment increased circ-Foxo3 levels ( Figure 3D, upper) . Delivery of the circ-Foxo3 plasmid generated the highest expression levels of circ-Foxo3, whereas transfection of circ-Foxo3 siRNA decreased circ-Foxo3 levels ( Figure 3D, upper) . Circ-Foxo3 expression was found to be well correlated with the levels of tissue apoptosis, as measured by TUNEL staining ( Figure 3D , lower, Supplementary material online, Figure S1E) .
HE staining revealed a dilated LV chamber in Dox-treated mice ( Figure 3E ). Ectopic expression of circ-Foxo3 generated further dilated LV chambers, while silencing endogenous circ-Foxo3 decreased the size of LV chamber ( Figure 3E ). Cardiac fibrosis was examined by collagen expression using Sirlus-Red staining. Doxorubicin treatment increased collagen staining, which was amplified by ectopic circ-Foxo3 expression, while silencing circ-Foxo3 expression decreased collagen staining (Supplementary material online, Figure S1F ). The levels of b-Gal staining increased in the Dox-treated heart. The levels were even higher in the circ-Foxo3-transfected heart, while silencing circ-Foxo3 decreased b-Gal levels ( Figure 3F ). This was correlated by circ-Foxo3 expression in the heart tissues displayed by in situ hybridization (Supplementary material online, Figure S2A ). These results demonstrated that increased circ-Foxo3 levels promoted tissue deterioration, whereas silencing endogenous circ-Foxo3 appeared to slow down this process. Immunostaining with a-SMA, an ideal marker for cardiomyocytes in response to stresses or injury during tissue remodelling, 15 confirmed circ-Foxo3 hybridization occurred inside the cells (Supplementary material online, Figure S2B ).
Interaction of circ-Foxo3 with Id1, E2F1, HIF1a, and FAK
We tested for potential interactions of circ-Foxo3 with the senescence-associated proteins ID1 and E2F1. Since stress has important effects on senescence, the anti-stress proteins FAK and HIF1a were examined. The precipitated mixture was subject to real-time PCR using primers specific for the linear Foxo3 mRNA and circ-Foxo3. The experiment showed that circ-Foxo3 was pulled down by antibodies against ID1, E2F1, FAK, and HIF1a, but the linear Foxo3 mRNA was not ( Figure 4A , upper). We confirmed these results by preparing RNAs from the vector-and circ-Foxo3-transfected MEFs. Antibodies against these proteins pulled down significantly higher levels of circ-Foxo3 from the years and 11 older than 50 years) and subject to real-time polymerase chain reaction. The elder hearts expressed significantly higher levels of circ-Foxo3 than the younger hearts. (B) Left: Real-time polymerase chain reaction showed that the old hearts expressed significantly higher levels of circ-Foxo3 than the young heart. Right: The young tissues expressed undetectable staining of b-Gal, whereas the old hearts showed extensive b-Gal staining. (C) Left: The old tissues expressed higher levels of circ-Foxo3, but the young tissues showed very weak staining. Right: Statistical analysis showed a significant difference of 9-fold of b-Gal staining in the old heart compared with the young hearts. (D and E) Mouse cell lines including mouse embryonic fibroblast, mouse cardiac fibroblast, NIH3T3, B16, and primary cardiomyocytes isolated from neonatal and 12-week hearts were treated with H 2 O 2 . Significantly higher levels of senescent cells were detected (D). RNAs were subject to real-time polymerase chain reaction to measure circ-Foxo3 levels (E). In all experiments provided, asterisks indicate significant differences, where *P , 0.05 and **P , 0.01. Error bars means standard deviation.
circ-Foxo3-transfected cells than those from vector-transfected cells ( Figure 4A , lower).
To corroborate the interaction of circ-Foxo3 with Id1, E2F1, HIF1a, and FAK, we used an siRNA approach to knock-down circ-Foxo3 in primary cardiomyocytes. Silencing endogenous circ-Foxo3 significantly decreased the levels of circ-Foxo3 pulled down by these proteins ( Figure 4B) .
We further tested the interactions between circ-Foxo3 and the proteins. Lysates from circ-Foxo3-or vector-transfected MEFs were incubated with a biotinylated probe designed to specifically detect circ-Foxo3. The mixture was subject to real-time PCR and the experiments showed that circ-Foxo3-transfected MEFs expressed high levels of circ-Foxo3 ( Figure 4C, upper) . The mixture was subject to a pull-down assay by incubation with streptavidin beads, followed by real-time PCR. We found that increased levels of circ-Foxo3 were pulled down by the probe compared with the control (Figure 4C, lower) .
We then tested whether the probe was able to pull-down these proteins by adding it to the lysates prepared from MEFs transfected with circ-Foxo3. The mixtures were subject to Western blot probed with antibodies against these proteins to confirm that transfection with circ-Foxo3 did not affect expression of these proteins (Supplementary material online, Figure S3A ). The mixtures were incubated with streptavidin beads, followed by western blotting. It was found that circ-Foxo3 could pull down Id1, E2F1, HIF1a, and FAK from cells transfected with circ-Foxo3 ( Figure 4D ).
Lysates prepared from MEFs and primary cardiomyocytes transfected with circ-Foxo3 siRNA or an oligo were mixed with the biotinylated probes. Real-time PCR confirmed that transfection with circ-Foxo3 siRNA decreased circ-Foxo3 levels (Supplementary material online, Figure S3B ). The pulled down RNAs were subject to real-time PCR. Significantly lower levels of circ-Foxo3 were pulled down by the probe compared with the control oligo ( Figure 4E ). (C) Doxorubicin treatment reduced mouse LVEF, LVFS, LVSP, and dp/dt. Expression of circ-Foxo3 enhanced Doxorubicin-induced reduction of these parameters, while silencing circ-Foxo3 showed opposite effects (a, P , 0.01 vs. control; b, P , 0.01 vs. Doxorubicin; error bars, SD, n ¼ 10 mice). (D) Doxorubicin treatment increased circ-Foxo3 levels (upper), shown by real-time polymerase chain reaction, and apoptosis (lower), shown by TUNEL staining in mouse heart tissues. Ectopic expression of circ-Foxo3 enhanced Doxorubicin-induced expression of circ-Foxo3 and apoptosis, while silencing circ-Foxo3 decreased circ-Foxo3 expression and apoptosis (a, P , 0.01 vs. control; b, P , 0.01 vs. Doxorubicin; error bars, SD, n ¼ 5 mice). (E) Three weeks after Doxorubicin injection, heart sections were subject to H&E staining. Shown are representative photos. (F) Typical b-gal staining of heart tissues showing that Doxorubicin treatment induced mouse heart senescence, which was enhanced by overexpression of circ-Foxo3 and repressed by circ-Foxo3 silencing.
The probe was added to the lysates. The mixtures were subject to western blot to confirm that transfection with circ-Foxo3 siRNA did not affect expression of Id1, E2F1, HIF1a, or FAK (Supplementary material online, Figure S3C ). In pull-down assays, the probe pulled down decreased levels of these proteins from circ-Foxo3-transfected cells ( Figure 4F ).
Effect of circ-Foxo3 on subcellular translocation of ID1, E2F1, HIF1a, and FAK
Levels of circ-Foxo3 were analysed in RNA isolated from cytoplasmic and nuclear fractions. Similar to the linear Foxo3 and GAPDH mRNAs, circ-Foxo3 was mainly detected in cytoplasm ( Figure 5A ). to immuno-precipitation with antibodies against rabbit IgG, mouse IgG, ID1, E2F1, HIF1a, FAK, and Foxo3, followed by real-time polymerase chain reaction. Antibodies against these proteins pulled down circ-Foxo3, but not Foxo3. Lower: Cell lysates were subject to immuno-precipitation followed by real-time polymerase chain reaction. Antibodies against these proteins pulled down more circ-Foxo3 from the circ-Foxo3-transfected cells. **P , 0.01, error bars, SD, n ¼ 4. (B) Primary cardiomyocytes were transfected with circ-Foxo3 siRNA followed by immuno-precipitation assay. Antibodies against the indicated proteins pulled down less circ-Foxo3 from the siRNA-transfected cells. **P , 0.01, error bars, SD, n ¼ 4. (C) Upper: The lysates were mixed with biotinylated probes against ectopic expressed circ-Foxo3 or a control oligo, followed by real-time polymerase chain reaction. Transfection with circ-Foxo3 expressed higher levels of circ-Foxo3 than the control. Lower: The mixtures were incubated with streptavidin beads followed by real-time polymerase chain reaction. The probe pulled down expressed circ-Foxo3. **P , 0.01, error bars, SD, n ¼ 4. (D) The lysates were mixed with the biotinylated probes and incubated with streptavidin beads followed western blotting. The probe pulled down Id1, E2F1, HIF1a, and FAK but not in the other controls. (E) Upper: Cell lysates prepared from mouse embryonic fibroblasts transfected with siRNA-targeting circ-Foxo3 or a control oligo were mixed with the biotinylated probes and incubated with streptavidin beads followed by real-time polymerase chain reaction. The circ-Foxo3 probe pulled down lower levels of circ-Foxo3 in the siRNA-transfected cells than in the control. **P , 0.01, error bars, SD, n ¼ 4. Lower: Primary cardiomyocytes were subject to similar assays and similar results were obtained. (F ) Upper: The lysates were mixed with the biotinylated probes and incubated with streptavidin beads followed western blotting. The probe pulled down decreased levels of Id1, E2F1, HIF1a, and FAK in the circ-Foxo3-transfected cells than those transfected with a control oligo. Lower: Primary cardiomyocytes were subject to similar assays.
In addition, the circ-Foxo3-transfected cells expressed significantly higher levels of circ-Foxo3 in the cytoplasm and nucleus than the controls did ( Figure 5B) . The circ-Foxo3-and vector-transfected MEFs were also subject to in situ hybridization. The ectopically expressed circ-Foxo3 was mainly distributed in the cytoplasm ( Figure 5C) .
We validated the effects of circ-Foxo3 on the nuclear translocation of ID1, E2F1, and HIF1a. In the vector-transfected cells, both ID1 and E2F1 were detected in the cytoplasm and nucleus, whereas ectopic expression of circ-Foxo3 facilitated localization of most ID1 and E2F1 to the cytoplasm ( Figure 5D , complete panel of sections in Supplementary material online, Figure S4A ). This was consistent with the distribution of circ-Foxo3 in the cytoplasm ( Figure 5E , Supplementary material online, Figure S4B ).
We performed similar immunostaining and in situ hybridization of the heart sections. We detected increased levels of circ-Foxo3 in the Dox-treated tissues and the circ-Foxo3-transfected tissues, but decreased levels in the circ-Foxo3 silencing group (Supplementary material online, Figure S5A and B). The increased circ-Foxo3 facilitated co-localization of E2F1 (Supplementary material online, Figure S5A ) and ID1 (Supplementary material online, Figure S5B ) in the cytoplasm instead of the nuclei. Similarly, HIF1a distribution was also co-localized with circ-Foxo3 in the cytoplasm instead of the nuclei (Supplementary material online, Figure S6A ), whereas FAK distribution was co-localized in the cytoplasm outside the mitochondria (Supplementary material online, Figure S6B ), in a similar fashion to their staining in cell culture (Supplementary material online, Figure S4A and B).
We tested whether cellular stress affected expression and translocation of Id1, E2F1, HIF1a, and FAK. The circ-Foxo3-or mocktransfected MEFs were treated with H 2 O 2 followed by western blotting. Among HIF1a, FAK, E2F1, and ID1, only HIF1a was up-regulated in both circ-Foxo3-and mock-transfected cells ( Figure 6A ). were cultured in basal medium or serum-free medium for 48 h, or treated with 75 mM H 2 O 2 for 2 h, followed by western blotting. Expression of HIF1a was up-regulated in both circ-Foxo3-and vector-transfected cells cultured in serum-free medium or treated with H 2 O 2 . (B) Upper: nuclear fractions were prepared for western blotting. circ-Foxo3 transfection decreased levels of Id1, E2F1, and HIF1a. All membranes were reprobed with PCNA antibody to confirm equal loading. Lower, in mitochondria, stress only increased levels of FAK in the vector-transfected cells but not in the circ-Foxo3-transfected cells. The membranes were reprobed with VDAC1/Porin antibody to confirm equal loading. (C) The effect of circ-Foxo3 on translocation of ID1, E2F1, HIF1a, and FAK was tested by transfection of circ-Foxo3 siRNA in mouse embryonic fibroblasts (left) and primary cardiomyocytes (right) after stress. In the nuclear factions, siRNA transfection increased levels of ID1, E2F1, and HIF1a. Similarly, level of FAK increased in mitochondria after stress and transfection with circ-Foxo3 siRNA further increased FAK level.
In nuclear fractions, while we detected approximately equal levels of PCNA, we found that the levels of HIF1a, E2F1, and ID1 decreased greatly in the circ-Foxo3-transfected cells compared with the control (Figure 6B, upper) . Treatment with H 2 O 2 or cultured in serum-free medium did not produce an additional effect on ID1 and E2F1 expression, but appeared to generate a greater difference for HIF1a expression between circ-Foxo3-and mocktransfected cells. In mitochondria, while no difference of VDAC1/Porin was found, stress increased FAK levels in the vector-transfected cells but not in the circ-Foxo3-transfected cells ( Figure 6B, lower) .
To corroborate these results, we delivered circ-Foxo3 siRNA into MEFs and primary cardiomyocytes, which did not affect expression of the proteins (Supplementary material online, Figure S3D ). Knocking down endogenous circ-Foxo3 enhanced expression of ID1 and E2F1 in the nucleus ( Figure 6C ). It also enhanced HIF1a expression in the nucleus after H 2 O 2 treatment. In mitochondria, knocking down endogenous circ-Foxo3 enhanced FAK expression in stressed cells.
We confirmed the distributions of HIF1a and FAK by in situ hybridization. In normal culture medium, HIF1a levels were relatively low in the nucleus, but treatment with H 2 O 2 greatly increased HIF1a levels in the nucleus ( Figure 7A , complete panel in Supplementary material online, Figure S7A ). This was consistent with the distribution of circ-Foxo3: treatment with H 2 O 2 did not affect distribution of circ-Foxo3, resulting in detection of both circ-Foxo3 and HIF1a in the cytoplasm ( Figure 7B , complete panel in Supplementary material online, Figure S7B ). Treatment with H 2 O 2 had little effect on the distribution of the expressed circ-Foxo3, in a similar pattern as the untreated cells ( Figure 7C , complete panel in Supplementary material online, Figure S8A ).
Discussion
In this study, we found that circ-Foxo3 was highly expressed in the tissues of aged mice and patients. The levels of circ-Foxo3 in mouse hearts were correlated with markers of senescence. To examine the role of circ-Foxo3 in cardiac function, we adopted a mouse model of Dox-induced cardiomyopathy. We found that the ectopic expression of circ-Foxo3 aggravated Dox-induced cardiomyopathy, but silencing endogenous circ-Foxo3 reduced the Dox-induced effects and exerted a cardio-protective effect. We found that ectopic expression of circ-Foxo3 induced cellular senescence of MEFs, where it interacted with the anti-senescence proteins ID1 and E2F1, and anti-stress proteins FAK and HIF1a. These interactions prevented nuclear translocation of these transcription factors, causing cytoplasmic retention and reduced function. Since ID1, E2F1, and HIF1a are transcription factors, it is essential for them to enter into the nucleus to exert their functional roles. The interactions of circ-Foxo3 and these transcription factors appear to arrest their functions.
ID1 is known to play roles in cell growth, differentiation, and premature replicative senescence. 16 Forced overexpression of ID1 delays replicative senescence. 17 Our results are consistent with these reports in that, when ID1 protein was bound to cytoplasmic circ-Foxo3, ID1 could no longer function as a transcription factor, and cellular senescence was promoted. Knockout of the transcription factor E2F1 induces bone-marrow-derived macrophage senescence. 18 Partial repression of E2F1 also increases cell senescence.
Ectopic expression of miR-205 induces senescent phenotypes in melanoma by elevating expression of senescent markers. 19 E2F1 overexpression in miR-205-expressing cells was found to partially reverse the senescent phenotype. In our study, we showed that the expression of E2F1 was not affected by ectopic expression of circ-Foxo3, but the translocation of E2F1 was largely blocked by circ-Foxo3 expression. It is hypothesized that the function of E2F1 as a transcription factor was inhibited, thereby promoting cellular senescence. Regulation of HIF1a expression by either hypoxia or genetic alternations has been implicated in cancer biology and senescence. Negative regulation of HIF1a induces cancer cell senescence. 20 We found that treatment with H 2 O 2 induced HIF1a expression, but in the circ-Foxo3-transfected cells, HIF1a was detected mainly in cytoplasm. This was in contrast to HIF1a produced from vectortransfected cells, which was found to localize predominantly to the nucleus. Our results support previous reports that reducing HIF1a function promotes cellular senescence.
FAK is a focal adhesion-associated protein kinase involved in cellular adhesion and spreading. FAK mediates intracellular signal pathways and promote the turn-over of cell contacts and cell migration, thus modulating cellular senescence. Down-regulation of uPAR resulted in decreased activity in FAK/PI3K/Akt pathway and increased senescence-associated nuclear morphology and up-regulation of b-galactosidase activity. 21 In our study, we found that inducing oxidative stress increased FAK expression. However, in the circ-Foxo3-transfected cells, FAK was arrested in the cytoplasm, which appeared to contribute to the increased cellular senescence. Previous results indicated that increased cellular senescence may slow-down tumor cell proliferation, migration, invasion, and metastasis. Senescence may function beneficially in the inhibition of tumor progression and extend the lifespan of cancer patients. However, in healthy individuals, senescence likely causes deterioration and reduction in normal functioning. This may increase the likelihood of pathological processes, in shortening lifespan. Thus, senescence heavily affects physiological and pathological conditions. Understanding the mechanisms contributing to cellular senescence is a subject of current scientific focus.
In summary, our study demonstrated that ectopic expressed circ-Foxo3 was mainly detected in cytoplasm, where it could bind to senescence-related proteins ID1 and E2F1, and stressrelated proteins HIF1a and FAK. Both HIF1a and FAK also exerted negative effects on senescence. Increased amounts of circ-Foxo3 in the cytoplasm resulted in arresting ID1, E2F1, HIF1a, and FAK in cytoplasm, decreasing levels of these proteins in the nucleus. The anti-senescent function of these proteins was thereby blocked. As a result, ectopic expression of circ-Foxo3 was found to promote cellular senescence ( Figure 7D ), while silencing circ-Foxo3 decreased cell senescence and apoptosis. Our in vivo delivery of siRNA-targeting endogenous circ-Foxo3 abrogating the effect of Dox provides a potential therapeutic approach for myocardial protection.
Methods
Senescence-associated b-galactosidase staining was performed as described. 9 Protein assays on western blot and immunohistochemistry were performed as described. 22, 23 Real-time PCR was conducted as described. 24 -26 The detailed methods are provided in Supplementary methods online.
Statistical analysis
All experiments were performed in triplicate or as indicated and numerical data were subject to independent sample t-test. The levels of significance were set at *P , 0.05 and **P , 0.01.
Supplementary material
Supplementary material is available at European Heart Journal online.
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